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Recent discoveries of optical signatures of black holes in dwarf galaxies indicates that low-mass
galaxies can indeed host intermediate massive black holes. This motivates the assessment of the
resulting effect on the host dark matter density profile, and the consequences for the constraints
on the plane of the dark matter annihilation cross section versus mass, stemming from the non-
observation of gamma rays from local dwarf spheroidals with the Fermi Large Area Telescope. We
compute the density profile using three different prescriptions for the black hole mass associated
with a given spheroidal galaxy, and taking into account the cutoff to the density from dark matter
pair-annihilation. We find that the limits on the dark matter annihilation rate from observations of
individual dwarfs are enhanced by factors of a few up to 106, depending on the specific galaxy, on
the black hole mass prescription, and on the dark matter particle mass. We estimate limits from
combined observations of a sample of 15 dwarfs, for a variety of assumptions on the dwarf black hole
mass and on the dark matter density profile prior to adiabatic contraction. We find that if black
holes are indeed present in local dwarf spheroidals, then, independent of assumptions, (i) the dark
matter interpretation of the Galactic center gamma-ray excess would be conclusively ruled out, (ii)
wino dark matter would be excluded up to masses of about 3 TeV, and (iii) vanilla thermal relic
WIMPs must be heavier than 100 GeV.
PACS numbers: 95.35.+d,95.85.Pw,98.52.Wz
I. INTRODUCTION
One of the biggest open questions of modern cosmol-
ogy lies with the nature of Dark Matter (DM). DM con-
stitutes approximately 23% of the energy-density of the
Universe, or about 4/5 of the matter density, but its
existence has not been confirmed by any experimental
means besides gravitational effects. The most compelling
particle DM candidates are Weakly Interacting Massive
Particles, or WIMPs, which arise in a wide variety of
well-motivated theories beyond the Standard Model, and
which can naturally account for the observed dark matter
abundance in the framework of standard thermal freeze
out (see Ref. [1] for an extensive overview on particle
dark matter).
A few of the direct detection experiments have ob-
served some excess events consistent with WIMP scatter-
ing off of ordinary nuclei, for example COGENT, DAMA,
CREST, and CMDS [2–5]. Other experimental collab-
orations, however, including XENON and LUX, have
not confirmed any such excesses, ruling out most of the
WIMP parameter space where the signals might arise
[6, 7]. At present, there is no clear evidence for a posi-
tive signal from DM direct detection.
The so-called indirect detection of dark matter, i.e.
the observation of DM annihilation products, is another
promising avenue. Indirect detection has the potential to
not only conclusively demonstrate the existence of dark
matter, but also to characterize it as a particle in some
detail. Indirect detection searches in the Galaxy have
found tentative signals in gamma rays [8–10] and in cos-
mic ray data [11, 12] which might be explained by anni-
hilation of WIMPs in the Galactic halo [13]. All of those
claimed signals possess, however, known astrophysical
counterparts that provide rather compelling, and sim-
pler, explanations [14–18]. In addition, indirect detec-
tion searches for a signal from DM annihilation in galaxy
clusters and dwarf galaxies have not found any significant
excess [19–22].
The Fermi collaboration has recently reported γ-ray
observations of 25 Milky Way (MW) dwarf spheroidal
satellite galaxies based on 4 years of data [22]. No signif-
icant excess has been detected, yielding some of the tight-
est constraints on the plane defined by the WIMP pair-
annihilation cross section versus mass, (mχ, 〈σv〉) [22].
The results are robust against uncertainties in the LAT
instrumental performance, the γ-ray background model-
ing, and the assumed dark matter density profile. For the
analysis, the Fermi collaboration considered a variety of
density profile models, and found the resulting limits to
be fairly insensitive to the inner slope of the DM den-
sity profile as long as such inner slope scales as r−γ with
γ < 1.2.
In recent years, a number of studies have advocated the
presence of black holes (BH) in dwarf galaxies in general,
and in dwarf spheroidal (dSph) galaxies in particular. A
sample of 151 dwarf galaxies exhibiting optical signatures
of accretion by intermediate massive black holes (IMBH)
was presented in Ref. [23]. Such galaxies have masses
of about 107−9M and velocity dispersion in the range
20 − 60 kms−1. More recently, a set of 28 active galac-
tic nuclei (AGNs) were identified in nearby (d < 80Mpc)
low-mass, low-luminosity dwarf galaxies [24]. In both
cases, the expected mass of the IMBH is lower than
106M.This indicates that the process of BH formation
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2in galactic nuclei could be very similar for regular and
for small galaxies alike, contrary to what was previously
thought. There are also mild indications for the existence
of BHs in dwarf spheroidal galaxies, such as NGC205, a
satellite of the Andromeda galaxy, and in Ursa Minor
and Fornax, satellites of the MW; The inferred mass of
the BHs all have upper limits of Mbh ≈ 104M [25–
28]. It is notable that the last two dwarfs are included
in the Fermi analysis. Additional searches for IMBHs
in dSphs are at present underway [29, 30]. The black
hole in ω-Centauri [31], if it is conclusively found to be
the remnant of a tidally disrupted galaxy [32] instead of
a globular cluster [33], can be added to the list. This
mounting observational evidence motivates us to extrap-
olate known correlations between black hole mass and
velocity dispersion, Mbh − σ∗, or luminosity, of the host
galaxy, to dwarf and dwarf spheroidal galaxies, and to
study the effect of such compact objects on the dwarfs’
galactic dark matter density profiles.
The abundance of IMBHs in Milky Way-like halos was
recently studied by means of numerical simulations in
Ref. [34]. This study suggests that about 70 − 2000
IMBHs could be present in the sub-halo satellites of
the MW, depending on the velocity dispersion of the
stellar component that populates these sub-halos. One
cannot however directly rely on this result to postulate
the presence of IMBHs in the dwarf spheroidal galax-
ies as we are considering here, since those simulations do
not correspond exactly with the observed local structure.
Nonetheless, the results of numerical simulations inform
us of how likely it might be that these objects are present
in the local volume, and they motivate the study of how
IMBH affect our inferences from a given Indirect detec-
tion observable. The contribution to the isotropic gamma
ray background from annihilation of DM in spikes around
supermassive black holes has been addressed recently in
[35].
In this paper we address the effect of the presence of
central black holes on constraints on dark matter pair an-
nihilation from the non-observation of gamma-ray emis-
sion from local dwarf spheroidal galaxies. Notice that
work along these same lines, prior to the Fermi LAT era,
was presented by one of us and Collaborators in Ref. [36],
for the specific case of Draco.
II. THE γ-RAY SIGNAL FROM DARK
MATTER ANNIHILATION IN THE PRESENCE
OF A CENTRAL BLACK HOLE
If dark matter is composed by WIMP-like particles,
such particles generically have a small but not negligi-
ble probability to annihilate into Standard Model parti-
cles, which could eventually be detected. The ingredients
that fix the flux of particles produced by this process are:
first, the particle physics model, including the thermally
averaged, zero-temperature pair-annihilation cross sec-
tion times relative velocity, 〈σv〉, the dark matter particle
mass, mχ, and the the energy spectrum of the photons
produced in each annihilation event, dNγ/dEγ ; second,
the number density of WIMP pairs available to anni-
hilate, which is proportional to the square of the dark
matter mass density, ρ(r), for the target under consider-
ation, dwarf spheroidal galaxies in this particular case.
Given these components, the integrated γ−ray signal
flux, φ(ph cm2s−1), expected from the dark matter an-
nihilation in the density distribution, ρ(r), from a given
angular region ∆Ω, is given by:
φ(∆Ω) =
1
4pi
〈σv〉
2mχ
(∫ Emax
Emin
dNγ
dEγ
dEγ
)
J∆Ω (1)
with
J∆Ω =
∫
∆Ω
∫
los
ρ2(r(l, θ), 〈σv〉,mχ) dldΩ. (2)
The last term, commonly referred to as the “J-factor”,
is the line-of-sight integral through the dark matter dis-
tribution integrated over the solid angle ∆Ω. Here the
coordinate r, centered on the dwarf galaxy reads
r(l, θ) =
(
d2 + l2 − 2 d l cos(θ))1/2 ;
in the expression above, d is the distance to the dwarf
galaxy, and θ is the aperture angle between the line of
sight direction and the axis connecting the Earth to the
galaxy’s center. We will integrate the J-factor within
an angular radius of 0.5 deg, i.e. ∆Ω = 2.4 × 10−4sr,
following the Fermi analysis [22].
In what follows, we will use the constraints derived
from the Fermi analysis, Ref. [22], and we will thus only
consider specific annihilation final states. Note that in
standard analysis the J-factor does not depend on the
cross-section, nor on the mass of the DM particle. In
our case, however, the presence of the black hole will
enforce such dependence, as we explain below, and we
thus feature such dependence explicitly in Eq. (2).
A. The DM density profile
The inner slope of the DM density profile in dwarf
galaxies remains a topic of intense debate [37–40]. The
Fermi collaboration [22] used both, a cuspy (Navarro,
Frenk and White, or NFW [41]) and a cored (Burk-
ert [42]) density profiles in their analysis. The resulting
J-factors, however, are almost insensitive to the choice of
density profile, as long as the inner slope r−γ has γ < 1.2
[22]. This will no longer be true when we account for
the presence of a black hole, primarily because the typ-
ical resulting slope in the density profile after adiabatic
accretion exceeds γ  1.2. In our analysis we use as
a starting configuration for the DM density profile of a
given dwarf the same benchmark density profiles consid-
ered in Ref. [22], i.e. the NFW and the Burkert density
profiles, respectively defined as:
3ρNFW =
ρs
r/rs(1 + r/rs)
; (3)
ρBurk =
ρ0
(1 + r/r0)(1 + r2/r20)
, (4)
where ρs and rs are the characteristic density and scale
radius, and ρ0 and r0, the central density and core radius.
We use specific values for the two parameters for each of
the dwarf galaxies in the analysis, as inferred from the
maximum velocity, and the mass contained up to the
radius of maximum velocity listed in Table 2 of Ref. [43].
For these parameters, we have verified that the J-factor,
as defined in Eq. (2) corresponds to that reported by the
Fermi collaboration, listed in columns 5 and 6 of table I,
within the error bar, for each of the dwarfs.
To take into account how the DM density profiles are
affected by the presence of a black hole of a given mass,
and consequently how such black holes affect the ex-
pected annihilation signal, we make the hypothesis that
a black hole of a given mass, mbh, formed adiabatically
at the center of each galaxy. In this process, it is ex-
pected that the inner dark matter halo density profile
is modified due to adiabatic contraction, evolving from
an initial density profile scaling as ρi(r) = r
γ into a final
profile of the form ρf (r) ∝ rA, with A = (9−2γ)/(4−γ),
for 0 < γ < 2 [44–46].
The relation between the initial and final slope due to
the adiabatic contraction process is obtained under the
assumption that all particles are in circular orbits. For
simplicity, we use this same approximation for both the
NFW and the cored initial density profile [47]. Summa-
rizing, the inner density profile of the dwarfs hosting a
black hole is considered to have a inner slope of A = 7/3
for the NFW profile, and A = 9/4 for the Burkert profile.
To calculate the final density profile, we assume an initial
dark matter distribution ρi(r) made of particles that are
all on circular orbits. If a black hole grows adiabatically
at the center of this distribution, the angular momentum
of each particle remains invariant, since the central black
hole exerts no torque on any dark matter particle. This
implies that
riMi(ri) = r(M(r) +Mbh), (5)
where Mi(ri) = 4pi
∫
ρi(r)r
2dr is the dark matter mass
enclosed within radius ri initially, and M(r) is the dark
matter mass enclosed within radius r, to which the parti-
cles are displaced after the growth of the black hole. Con-
servation of dark matter mass implies Mi(ri) = Mf (rf ).
The density profile modified by the adiabatic growth of
the black hole is then calculated iteratively using Eq. (5)
and:
ρ(r) = M ′(r)/4pir2, with
M ′(r) =
M(r) +Mbh
ri − r +Mi(ri)/M ′i(ri)
. (6)
For a completely self-consistent approach one would need
to refer to the full phase space distribution function for
the DM density profile, and implement the appropriate
adiabatic invariant. However, the error estimating the
new density profile with the circular orbit approximation
is smaller than the uncertainty in the normalization of
the initial density profile (see e.g. [46] and a more recent
review of this calculation including general relativistic
corrections given in Ref. [48]). We also point out that
the DM density profile inner slope is not affected by the
circular orbit assumption. Hence we adopt the simplest
approximation because the time required to compute the
new density profile is highly reduced, and the calculation
is less susceptible to numerical errors. This is especially
convenient since we will need to evaluate the new density
profile for each of the dwarf galaxies several times.
Our analysis procedure is then as follows: For each of
the dwarf galaxies considered in Ref. [22] we will:
(1) Pick an initial halo model, as defined in Eq. (4),
with parameters consistent with the observed velocity
dispersion for each dwarf spheroidal galaxy. We carry
this out for both initial density profiles choices (NFW
and Burkert).
(2) Assign to each dwarf galaxy a black hole with a
mass also consistent with the observed velocity disper-
sion, or luminosity, as we discuss next, and calculate the
resulting modification to the density profile due to the
adiabatic contraction, according to Equations (5) and
(6).
(3) Calculate the corresponding J-factor, from Eq. (2).
(4) Derive the resulting constraints on the DM particle
properties parameter space defined by (mχ, 〈σv〉).
B. The black hole mass
As we described in the Introduction, recent observa-
tional evidence for black holes in dwarf galaxies suggests
that the known relations for the black hole mass and
stellar velocity dispersion, or luminosity, of the host, for
massive galaxies could also hold for the smallest known
galaxies, dwarf and dwarf spheroidal galaxies. We will
extrapolate some of these relations to the lower end mass
of galaxies with the aim of studying how the presence of a
black hole could affect our inferences on the dark matter
particle physics.
Different relations between the mass of the black hole
and the structural parameters of the host galaxy have
been proposed, see for instance Ref. [49–54]. For the
present analysis we consider three of the most widely
used relations: First, the Magorrian relation [50],
Mbh = 0.0013L∗, (7)
which relates the black hole mass, Mbh, to the luminos-
ity of the host galaxy L∗, for which we assumed a mass
to light ratio of M∗/L∗ = 1 for the stellar distribution.
The actual M/L ratio may vary by about a factor of two
depending on the details of the stellar populations, see
Walker [55] and references therein. This was the first
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FIG. 1. DM annihilation cross-section constraints for the bb¯ final state, for individual dSph, assuming an initial NFW DM
density distribution (left), and a Burkert profile (right). In both cases, BHs were assigned using the Tremaine relation, Mbh−σv
[49].
proposed relation of this kind. Afterwards, many differ-
ent studies have proposed variants to that, although the
main idea is that the mass of the black hole is driven by
the the properties of the luminous component, mainly
the galactic bulge. Other studies argue for a correlation
with the dark matter halo (see e.g. Ref. [52]).
Our second relation to infer the BH mass is the
Tremaine relation [49],
Mbh
M
=
106.91
(
σ∗
100 km/s
)4
(σ∗ ≥ 6 kms)
100 (σ∗ < 6 km/s).
(8)
between the black hole mass and the velocity dispersion,
σ∗, of the stellar component.
Finally, we also consider a more recent proposal, the
McConell & Ma relation [54],
Mbh
M
=
{
108.32
(
σ∗
200 kms−1
)5.64
(σ∗ ≥ 15 kms)
100 (σ∗ < 15 km/s).
(9)
which also relates the black hole mass to the velocity dis-
persion. This last relation is the steepest one among the
prescriptions we study here. In general, different samples
of galaxies and observational techniques result in steeper,
or less steep, relations. However, there is some consensus
that the mass of the black hole correlates better with the
velocity dispersion. In particular, the Tremaine relation
produces predictions in between the Magorrian and the
McConell & Ma relations, and therefore we will use it
as our benchmark case. We will use the other two rela-
tions to bracket an upper (Magorrian) and lower (Mc-
Conell & Ma) limit to the effect under consideration.
An additional assumption for the three relations, is the
presence of a minimum mass of the black hole set to
Mmin = 100 M, to resemble black hole formation as
Population III remnants.
In columns 7 and 8 of Table I we list the masses of the
black holes corresponding to each of the dwarf galaxies
under consideration, along with the galaxies’ distance,
luminosity, mean velocity dispersion, and with the J fac-
tors for a NFW and a Burkert profile, for the Tremaine
(column 7) and for the Magorrian relation (column 8).
As for the McConell & Ma relation, all the galaxies are
seeded with a black hole corresponding to the minimum
mass of 100 M.
III. FERMI LIMITS FROM DWARF
SPHEROIDAL GALAXIES IN THE PRESENCE
OF A CENTRAL BLACK HOLE
Given a prescription for the central black hole mass,
a choice for the initial dark matter density profile, and,
finally, the adiabatic contraction recipe we described in
the previous section, we calculated the new dark matter
density profile and the corresponding J−factor for each
of the dwarf galaxies. The new density profiles are usu-
ally singular in the r → 0 limit, in such a way as to
produce an a priori divergent J factor. Physically, such
large densities lead to high annihilation rates, and an en-
suing inner cut-off radius rcut naturally appears, within
which the DM density becomes constant, due to the bal-
ance between the annihilation rate and the gravitational
infall rate of DM particles due to the presence of the BH.
The DM annihilation rate is given by ρ˙ = −〈σv〉ρ2,
ρ(r, t) =
ρ(r, t)
1 + ρ(r, tf )〈σv〉(t− tf ) (10)
where, t is the present time, and tf is the formation time
of the BH. The maximum density is reached if (t−tf ) <<
(〈σv〉n(r, tf ))−1. The value of this maximum density,
considering a reasonable time formation of the BH in
dSphs (∼ 10Gyr), takes the typical value:
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FIG. 2. As in figure 1, but for the Magorrian relation, Mbh − L∗ for the mass of the black hole [50].
ρmax = 3× 1018
( mχ
100GeV
)(10−26cm3s−1
〈σv〉
)
Mkpc−3.
(11)
Notice that in principle this maximum density depends
on the formation time of the BH in each galaxy, which we
are now approximating to be the same for all the dSphs.
We define a cut-off radius rcut as the radius at which the
density profile is equal to the maximum density quoted in
Eq. (11). Capture of DM particles by the BHs could also
be taken into account, however the Schwarzschild radius
of the BHs is in general smaller than rcut.
Now, J−factor is computed by adding the contribu-
tion of a sphere of constant density ρmax and radius rcut,
with the usual integral of the density profile from rcut
outwards. It is clear now where the dependence of the
J−factor with the annihilation cross section and the mass
of the particle comes from.
It is worth recalling that the density profile resulting
after adiabatic contraction is still consistent with cur-
rent velocity dispersion data of each dSph. The effect
of the contraction affects the density profile on scales
below 100pc, the typical scale for which data is avail-
able. Of course, this is only valid as long as the mass
of the IMBH is much smaller than the contained dark
matter mass within the half mass radius. The validity of
this condition can be assessed by using a simplified Jeans
equation to estimate the mass contained within a radius
rhalf , given a velocity dispersion profile, σ, as was done
in [38].
M(rhalf) = µrhalfσ
2, (12)
where µ is just the numerical factor arising from the con-
stants involved. Note that this estimate of the dark mat-
ter mass contained up to rhalf is in good agreement with
those obtained from a full Jeans/Markov Chain Monte
Carlo analysis. In the derivation of the expression above
there is no information a priori of the form of the dark
matter density profile, then it is also valid for the profile
after adiabatic contraction, and with the IMBH:
MDM(rhalf) +Mbh = µrhalfσ
2
DM+BH (13)
. Combining the equations above, and using the fact that
adiabatic contraction of the halo conserves mass, we have
that
σ2DM+BH
σ2
≈ 1 + MBH
M(rhalf)
. (14)
Therefore as long as the mass of the BH is much smaller
than the mass within rhalf , of the order . 107M, the
presence of the black hole will still be consistent with
current velocity dispersion data. The condition outlined
above is always well satisfied by the IMBHs mass under
consideration here.
We now utilize the new calculated results for the J
factors in the presence of a central black hole to find
the corresponding constraints to the dark matter particle
properties. We first consider each of the dwarf galaxies
individually. Fermi LAT observations give us the actual
observed flux of gamma rays coming from a certain di-
rection, once the known sources and backgrounds have
been subtracted. The fact that none of the known dwarf
galaxies has been detected over background provides a
maximum flux of gamma rays in a certain energy bin,
that is, it gives us an upper limit for the left side of
Eq. (1), φ. Given a J factor for a given galaxy, i.e. the
third term in the right side of the same equation, we
can read an upper limit for the cross section 〈σv〉 as a
function of the mass of the particle, mχ, given the γ-ray
yield dN/dE from a particular model. This is essentially
what was done by the Fermi Collaboration to derive the
colored lines of figure 1 in Ref. [21].
Notice that the upper limit on the flux of gamma rays
from dark matter annihilation set by the Fermi Collab-
oration employs a J− factor that is independent of the
particle mass and pair-annihilation cross section. This no
longer holds for the present case, given the cutoff effect
described above, which makes Jbh = Jbh (〈σv〉bh,mχ).
6We can however directly utilize the Fermi Collaboration
constraints on 〈σv〉 from Ref. [21], for a given annihila-
tion pathway, as follows:
〈σv〉J = 〈σv〉bhJbh (〈σv〉bh,mχ) ∀ mχ. (15)
We use the constraints from individual galaxies derived
by the Fermi Collaboration, see Table 2-7 in [22], to com-
pute the corresponding constraints when including the
effects of a central black hole in such galaxies, by solving
for 〈σv〉bh in Eq. (15), together with Eq. (2).
We show our results, for annihilation in the bb¯ channel,
in Figs. 1 and 2. Fig.1 shows the individual constraints
for all dwarf galaxies considered in the Fermi Collabora-
tion analysis, assuming the Tremaine relation, Mbh−σv,
for a NFW profile (left panel) and for the cored Burk-
ert profile (right panel). We note that for Draco and,
especially, for Ursa Minor the effect of a central black
hole is dramatic, and leads to constraints, for the partic-
ular bb¯ annihilation pathway, of up to almost four orders
of magnitude stronger than the classic pair-annihilation
cross section value invoked for thermal decoupling pro-
duction of DM in the early universe (for s-wave anni-
hilation), 〈σv〉 ' 3 × 10−26 cm3/s (we shade in grey a
representative range for 〈σv〉 around that central value).
In the 10-100 GeV mass range, 7 individual galaxies pro-
duce constraints that rule out such a cross section for
some value of the particle dark matter mass. The re-
sults for the Burkert profile are relatively less dramatic;
constraints from the Ursa Minor dSph in this case still
rule out an s-wave thermally produced relic in the 10-
100 GeV range. It is important to emphasize that unlike
in the case where no black hole is present, the seed DM
density profile produces important effects when adiabatic
contraction onto a central massive object is in place.
Fig. 2 mirrors what shown in Fig. 1, but now with
the assumption of the Magorrian relation, i.e. Mbh−L∗.
In this case the constraints we obtain are significantly
stronger when the initial density profile is cuspy than
when it is cored. On the other hand, constraints using
the Magorrian relation tend to be stronger than with
Tremaine relation for some of the galaxies and not for
others, changing the hierarchy of constraints. For ex-
ample, when using the Tremaine relation the Draco and
UMi galaxies are the most constraining, while for the
Magorrian relation the more luminous Fornax galaxy is
expected to host a comparatively much larger black hole,
producing the most stringent limits. Notice that while
in both cases Fornax is the galaxy that hosts the most
massive BH, it is only when we use the Magorrian re-
lation that the effect of the BH dominates over the fact
that UMi and Draco are significantly closer than Fornax.
Taken at face value, the Fornax limits for an NFW profile
rule out thermally produced “vanilla” relics for masses
up to about 10 TeV, and thus close to the unitarity limit
[56].
We illustrate in figure 3 the relative enhacement fac-
tor 〈σv〉/〈σv〉bh for the different combinations of den-
sity profile and black hole mass relation, and for selected
galaxies, those that are more relevant for the constraints.
Maximal enhancements are typically obtained for parti-
cle masses in the 100 GeV range. The peculiar functional
form shown in the figure results from a combination of
two contributions to the J-factor: on the one hand, the
one from the inner sphere r < rcut, and on the other
hand that from the density profile for r > rcut. Since
the maximal density scales linearly with mass, the maxi-
mal number density is mass-independent. The cutoff ra-
dius, however, grows for smaller masses. The compet-
ing contributions are then compounded via Eq. (15) in
a non-trivial way, resulting in the mass-dependent en-
hancements shown in the figure.
It is also remarkable that in the presence of a central
black hole, Fermi limits from dSph would conclusively
rule out the possibility that the Galactic center excess
originate from dark matter annihilation, as entertained
in Ref. [8]. We highlight the favored mass and pair-
annihilation region for the Galactic center excess with a
blue rectangle in all plots shown in Fig. 1 and 2.
The above results rely on two important assumptions:
(i) that the black hole formed adiabatically, and (ii) that
it was formed at the galaxy’s dynamical center. If either
one or the other assumption is not valid, the effect of
the enhancement on the J−factor, and therefore on the
limit to the cross section, would be smaller than what
we derive here. For instance, for the NFW initial profile,
if the black hole growth were instantaneous, the slope of
the density profile would be γ = 4/3 [46], smaller than
the adiabatic growth ( γ = 7/4), but still larger of what
is covered by current FERMI analysis ( γ = 1.2). On the
other hand, if the BH was formed off-center, two factors
compete to determine the final density profile: the BH
needs to have enough time to spiral in from the site in
which it was formed, and the initial BH seed mass is small
enough to adiabatically grow once it is on center. The
lower the initial BH seed mass, the closer to the center it
must form in order to have enough time to spiral in and
continue growing adiabatically. If the initial BH seed
mass is of the order of the final one, the process of in-
spiral would expel more dark matter particles than those
that would be attracted by the adiabatic growth later
on, in which case the final density would be even lower
than it was initially. The details of the BH formation
can be different for each of dSphs, and given that there
are not clear detection of IMBHs in this galaxies it is
not possible to account for those effects described above
without making more assumptions.
A. Joint analysis for the 15 dSphs
In addition to individual objects, the Fermi Collabo-
ration produced limits on the gamma-ray flux, and thus
on the dark matter annihilation rate, from a combined
analysis of 15 dwarf galaxies sample [21]. Under the as-
sumption that DM properties, annihilation cross section,
mass, etc, are the same in all the dwarf galaxies, Ref. [21]
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exploited the fact that the sensitivity to a weak signal is
potentially increased if multiple signals are combined. To
do so, Ref. [21] created a joint likelihood function from
the product of the 15 individual likelihood functions and
performed a maximum likelihood analysis. To reproduce
such a procedure taking into account the presence of a
black hole is out of the scope of this paper, and would be
very computationally costly because of the dependence of
the J factors on masses and annihilation rates. However,
we attempt here to obtain an estimate of a combined
constraint making simple assumptions and utilizing indi-
vidual limits from all dwarfs.
The constraints from the Fermi observations mainly
arise from the lack of photon counts in addition to those
expected from known background sources. Given an ex-
posure, i.e. the product of an effective Area, Aeff and
an observing time Tobs, the photon number counts is
roughly Nγ ∼ Aeff Tobs φγ . Assuming Poissonian fluctu-
ations, the total number of photons detected from dwarf
i is Ni±
√
Ni. Given that no significant excess of gamma
rays from the directions of the dwarfs had been detected,
the limit on the cross section can be obtained from√
Ni ∝ 〈σv〉i
m2χ
J∆Ω,i. (16)
Considering now all n dwarfs, the total (background)
photon count, assuming no correlation in the photon
counts from different dwarfs, is N =
∑
iNi ±
√∑
iNi.
As a result, the limit 〈σv〉 from the combined observa-
tion all dwarfs, from Eq. (16) with Ni = N , gives
〈σv〉 =
√∑
i (〈σv〉iJi)2∑
i Ji
∀ mχ. (17)
This relation holds whether we take into account the
presence of the black hole or not. In particular when
we consider the presence of black hole, the J− factors
depend on the cross section, and the mass of the parti-
cle, i.e.
〈σv〉 =
√∑
i (〈σv〉iJi (〈σv〉i,mχ))2∑
i Ji (〈σv〉i,mχ)
∀ mχ. (18)
Our simple “stacking” method does not imply that the
global limit is always better than the individual limits.
Just to illustrate this suppose that all dwarfs have the
same Ji = J . In this case, from Eq. (17), the limit
improves to 〈σv〉 =
√∑
i〈σv〉2i
n . Now, if all dwarfs have
the same “noise”, i.e. Ni = N¯ , then all limits are the
same, 〈σv〉i = ¯〈σv〉 and the global limit 〈σv〉 = ¯〈σv〉√n .
Suppose now that one has two dwarfs, with the same
J factors, but one (dwarf 2) has a background count 4
times larger than the second, thus 〈σv〉2 = 2〈σv〉1. In
this case the global limit combining the two dwarfs is
〈σv〉 = 〈σv〉1
√
4+1
2 ' 1.12〈σv〉1, hence from combining
the two dwarfs one gets a limit which is 10% worse than
for dwarf 1 alone. Similarly, if a dwarf has a signifi-
cantly lower J factor, say by a factor 2, so J1 = 2J2, and
N1 = N2, then the global limit is a factor
√
5/2 ' 1.12
worse than the limit from dwarf 1 alone.
When we apply this stacking procedure for the no-
black hole case, we find that compared to the Fermi Col-
laboration joint likelihood analysis we produce an under-
estimate of a factor of 0.25 for low energies, and of a
factor of 2 for large energies. This brackets the expected
range of systematic uncertainty from utilizing the sim-
ple combined analysis approach outlined above versus a
more sophisticated joint likelihood treatment.
In our results including the black holes some of the
individual constraints turned out to be stronger than
the combined one, as was expected from our stacking
method; it is not unreasonable that one would find this
to be the case even if a more complex stacking method
is used, since with central black holes the differences in
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J factors among dwarfs are very large. A comparison
of the combined constraints obtained in the three sce-
narios for the black hole assignment we consider here,
NFW+Tremaine/Magorrian/McConnel& Ma relation, is
shown in Fig. 4 (red lines). In the figure we also show
those same three scenarios but with a Burkert density
profile (blue lines), and the constraint from the Fermi
analysis (black line); in this case the combined con-
straints fall within 95% confidence limit (yellow band)
derived by Fermi Collaboration, from the combined anal-
ysis of the same set of galaxies, regardless of the black
hole mass scenario.
For the sake of illustration, in the figure we also show
the case of a NFW profile for the 15 stacked dwarfs, all
endowed with a black hole mass of 50 M. In this case,
we obtain combined constraints which approximately fall
within the Fermi uncertainty band. Any minimal black
hole mass larger that 50 M would lead to a significantly
stronger combined limit. The figure also illustrates that
the combination of NFW+ Magorrian relation gives the
strongest limit. This scenario would be able to exclude
all the thermal vanilla WIMP candidates lighter than
10TeV .
In figure 5 we show the combined constraints for two
different annihilation pathways, namely the τ τ¯ (left),
and WW¯ (right) final states. For these case we utilize
a benchmark choice of a NFW density profile, and the
Tremaine relation. As before, several dwarf galaxies, in-
dividually, would be excluding important regions of low
mass WIMPs. For example, in the case of the τ τ¯ channel
it would be excluding again the Galactic center excess:
we show the preferred region for the τ τ¯ final state with
a blue star, as calculated in Ref. [57]. For the WW¯ final
state, the constraint we find would rule out wino dark
matter, whose pair-annihilation cross section is shown
with a solid blue line, as calculated in Ref. [58].
IV. DISCUSSION
In this study we assessed how the presence of central
black holes in local dwarf spheroidal galaxies impacts
constraints on the dark matter pair-annihilation cross
section from gamma-ray observations. Due to adiabatic
contraction of the inner dark matter density distribu-
tion onto massive central objects, large central densities
are generically predicted. The exceedingly steep profiles
are cut off at some maximal density by annihilation pro-
cesses, in a mass- and annihilation-rate-dependent fash-
ion.
We explored three different prescriptions for the at-
tribution of a mass for the black holes associated to a
given dwarf galaxy. The various prescriptions stem from
extrapolations of well-known relations between the veloc-
ity dispersion, or luminosity, of the stellar components of
more massive galaxies with the central black hole mass.
The three scenarios cover a wide range of possible black
hole masses and, therefore, we expect our constraints to
bracket a meaningful range of possible outcomes.
In contrast with previous analyses, and due to the max-
imal density cutoff alluded to above, the presence of a
black hole enforces a correlation between the astrophys-
ical J factor and the mass and pair-annihilation cross
section of the dark matter particle. The most constrain-
ing dwarf galaxy depends upon the prescription for the
attribution of the central black hole mass. Limits on the
dark matter annihilation rate from observations of indi-
vidual dwarfs are enhanced by many orders of magnitude
in some cases.
We also attempted to derive a combined constraint
that utilizes limits from observations of all 15 dwarfs in
the original sample employed by the Fermi Collaboration.
The joint constraint is always weaker than the constraint
from the best single candidate, as a result of the wide
spread in J factors induced by the presence of a central
black hole.
We find that taken at face value our results rule out a
vanilla WIMP thermal relic for masses well in excess of 1
TeV for an NFW seed density profile, and of 100 GeV for
a seed cored profile. A central black hole in local dwarfs
would conclusively rule out dark matter annihilation as
a source for the Galactic center gamma-ray excess, in-
dependently of the annihilation pathway, and would also
solidly rule out wino dark matter.
We caution the Reader that there are several effects
that could counteract the effect of the adiabatic contrac-
tion scenario we have presented. For instance, if the seed
black hole was formed off-center [46], or if a stellar cusp
around the black hole is present, inducing scattering of
the dark matter particles [59], the dark matter cusp could
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be smoothed out. Yet, the resulting density profile will be
steeper than what considered in the Fermi analysis. The
expected enhancement effect on the cross section con-
straints would be comparable to the more conservative
scenarios we have discussed here.
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